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Abstract. Biodiversity is declining worldwide from reductions in both species richness
and evenness. Field experiments have shown that primary productivity is often reduced
when richness of plant species is lowered. However, experiments testing richness effects
have used evenness levels that are much higher than normally encountered in plant com-
munities and have been based on the assumption that species extinctions are random. We
experimentally varied, for the first time, both species richness (1–8 perennial species/m2)
and species evenness (near maximal vs. realistically low) in grassland plots. Net primary
productivity (NPP) and ecosystem CO2 uptake declined when richness was reduced, and
reductions were similar between evenness treatments. Richness effects were associated more
with a selection effect than with complementarity (found only with high evenness). Im-
portantly, extinctions in plots during the second year were not random, but were greater
at low than at high evenness (i.e., with increased rarity) and in species with low aboveground
growth rates. Thus, species evenness can affect grassland ecosystem processes indirectly
by affecting species richness, and it will be imperative to understand how nonrandom
extinctions affect NPP in future studies. Our results indicate that richness studies may not
be biased by using mixtures with artificially high evenness levels, but the results also
demonstrate that results from these studies are directly applicable only to communities in
which plant extinctions are random.
Key words: grasslands; prairies; primary productivity; rank–abundance relationships; species
diversity; species evenness; species richness.
INTRODUCTION
Biodiversity is declining worldwide from reductions
in both species richness and evenness (Pimm et al.
1995, Chapin et al. 2000, Sala et al. 2000). Species
richness is the number of species, and evenness is the
equitability of relative abundance or biomass among
species. Several studies have found log-linear reduc-
tions in plant productivity when species richness was
experimentally lowered at the plant neighborhood scale
(i.e., small plots; Schapfer and Schmid 1999, Loreau
et al. 2001). These results, which were well replicated
both within (Tilman et al. 1996, 2001) and among sites
(Hector et al. 1999), suggest that ecosystem services
may be impaired by a reduction in small-scale species
richness. However, two important complications in
these experiments have prevented many scientists from
accepting their relevance to real communities.
First, experimental plots usually are created with
seed mixes that maximized species evenness. Species
evenness is usually much lower than maximum in real
communities (Huston 1997, Grime 1998), with a few
dominant species being relatively abundant and many
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species being rare. Species evenness has been shown
to be an equally or more important component of small-
scale plant diversity than species richness. Evenness
alone accounted for 53% of the variation in species
diversity (Shannon’s H9), whereas species richness ac-
counted for only 6% of the variation across community
types in a recent literature review (Stirling and Wilsey
2001). Furthermore, experiments have shown that
evenness can be important to grassland primary pro-
ductivity and invasion resistance (Wilsey and Potvin
2000, Wilsey and Polley 2002). Schwartz et al. (2000)
argued that primary productivity would have saturated
at a much lower species richness level in productivity–
richness studies if a realistically low species evenness
was used. In communities with very low species even-
ness (i.e., having one or a few species having very high
relative abundance), the community may behave much
more like the dominant species would in monoculture
(Mulder et al. 2001).
Second, the mechanism responsible for the decrease
in net primary productivity (NPP) with lowered species
richness is still largely in doubt because experimental
mixtures were assembled from random draws from a
species pool (Aarssen 1997, Huston 1997, Smith and
Knapp 2003). As a result, local extinction of species
is simulated as a random process, contrary to the pat-
tern of greater regional extinction rates in rare species
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PLATE 1. The experimental field plots (fore-
ground) on 7 July 2002. Photo credit: Katherine
Jones.
(Fischer and Stocklin 1997, Duncan and Young 2000).
Positive richness–productivity relationships may arise
due to the greater probability of including a species
with more extreme traits as the number of species in-
creases (Aarssen 1997, Huston 1997, Tilman et al.
1997), rather than by complementary resource use or
facilitation among species (Tilman et al. 1997, 2001,
Loreau and Hector 2001, Mulder et al. 2001). A pre-
diction arising from the selection effect hypothesis is
that the most productive species in monoculture will
dominate mixtures and cause their productivities to be
higher than in plots without these species (Loreau and
Hector 2001). Alternatively, the complementarity hy-
pothesis predicts that functional differences among
species enable greater resource uptake by the com-
munity as a whole, and that the species that do better
in mixture are not necessarily the ones that grow best
in monoculture (Loreau and Hector 2001, Tilman et al.
2001). By using a maximally even species distribution,
previous richness experiments may have overestimated
the complementarity effect. This would make results
difficult to apply to real communities, where evenness
is lower than maximum (May 1981, Tokeshi 1993, Hus-
ton 1997, Grime 1998, Smith and Knapp 2003). Vir-
tually nothing is known about whether evenness affects
the species interactions underlying the complementar-
ity effect. At lower than maximal evenness, the idio-
syncratic effects of dominant species may dampen or
eliminate complementarity effects if evenness affects
the outcome of species interactions.
We varied, for the first time, both species richness
and evenness in the same experiment to test the hy-
pothesis that realistically low levels of species even-
ness constrain productivity responses to species rich-
ness. By planting plots with both high and low even-
ness, and by monitoring plots over time, we also were
able to test the hypothesis that extinction rates are high-
er with low evenness at the plant neighborhood scale.
Varying species evenness provides a way of testing for
diversity effects without having the sampling effect
(Wilsey and Potvin 2000, Loreau et al. 2001, Wilsey
and Polley 2002, Polley et al. 2003), because species
diversity can be varied without changing the identity
of species within plots. Furthermore, by planting equal-
sized transplants into field plots, rather than seeding
plots as in earlier studies, we were able to control initial
plant density and minimize differential establishment
across species. We tested the hypothesis that having
realistically low species evenness will constrain plant
productivity responses to species richness. If relation-
ships turn out to be similar between evenness treat-
ments, then it would suggest that species evenness and
richness have additive effects, and that previous studies
of species richness with maximal evenness may be ap-
plicable to real grassland communities.
METHODS
Experimental design
Evenness can be varied either by increasing the abun-
dance of one species (Nijs and Roy 2000, Wilsey and
Potvin 2000, Wilsey and Polley 2002) or by varying rank–
abundance relationships among all species. Natural and
semi-natural communities have rank–abundance slopes
that are much lower than zero, and it has been shown
that slopes become steeper with excessive stress or dis-
turbance (Bazzaz 1975, May 1981, Lugo 1991, Tokeshi
1993). We varied species evenness in experimental plots
by varying the slope of rank–abundance relationships in
communities with the same species richness and plant
densities. Thus, we compared communities with realis-
tically steep rank–abundance slopes with communities
that have unrealistically shallow slopes.
We compared planted experimental communities
with maximal evenness to communities with a geo-
metric distribution of abundances among species found
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in the Blackland Prairie Region of Central Texas, USA
(see Plate 1). The soil at the site is a vertisol, and the
climate is subhumid with an average of 864 mm of
rainfall per year. We varied both richness and evenness
in a factorial design in 75 1 3 1 m plots, each planted
with 96 equal-sized transplants. Species richnesses of
2, 4, and 8 were established by randomly drawing spe-
cies from a larger pool of 13 frequent Texas Blackland
perennial prairie species. Legumes were not included
because they normally compose only ;1% of the pro-
ductivity of Blackland prairie communities (Wilsey and
Polley 2003). Species used were Schizachyrium sco-
parium, Sporobolus asper, Bothriochloa saccharoides,
Bouteloua curtipendula, Sorghastrum nutans, Both-
riochloa ischaemum, Paspalum dilatatum, and Pani-
cum coloratum (C4 grasses), Nassella leucotricha (C3
grass), and Ratibida columnifera, Oenothera speciosa,
Salvia azurea, and Echinacea purpurea (C3 forbs).
Random draws (six for each of the 2-, 4-, and 8-species
treatments) were made from these 13 species. After
draws were made, we randomly assigned relative abun-
dance positions for communities to have either maxi-
mal evenness (or equal distribution of abundance and
initial biomass among species, 48 individuals each in
2-species mixes, 24 each in 4-species mixtures, and 12
individuals each in 8-species mixtures) or a more re-
alistically low evenness based on a geometric distri-
bution among species which produced rank–abundance
slopes of approximately 20.30 (64:32 in 2-species, 51:
26:13:6 for 4-species, and 47:24:12:6:3:2:1:1 in 8-spe-
cies mixtures). Thus, for each random draw, the high
and low evenness treatments had the same species. The
evenness treatments had slopes that are at the extremes
of the normal range of Blackland prairie communities
(H. W. Polley, J. D. Derner, and B. J. Wilsey, unpub-
lished data). Three replicate monocultures were also
planted for each of the 13 species. Thus, there were 3
richness levels 3 2 evenness levels 3 6 replicates (ran-
dom draws) 5 36 1 39 monocultures 5 75 plots (and
75 3 96 5 7200 plants). Treatments were randomly
assigned within 3 blocks, each with 25 plots.
We planted each plot during 19–25 April 2001.
Plants were grown in greenhouses in Blackland soil
taken from the field, trimmed to equal size, and then
transplanted from square 10-cm pots back into the same
field on lands of the Grassland, Soil, and Water Re-
search Lab, Temple, Texas. There was .95% survival
among transplants during the initial planting; plants
that did not survive the original planting were replaced
;2 wk later. Plants achieved complete canopy closure
during the first growing season. Plots were hand weed-
ed when necessary.
Net primary productivity
Aboveground plant productivity was estimated by
measuring peak biomass during October of each year
by clipping all plants to 2 cm height. Peak biomass is
a reasonably good estimator of net aboveground pri-
mary productivity in this system because frost kills
aboveground biomass during the winter and there is no
carryover from year to year. A 45 cm deep soil core
(4.2 cm diameter) was removed from each plot during
fall 2001. During 2002, this sampling regime was in-
creased to two cores per plot. Each core was sectioned
into an upper ‘‘shallow’’ (,20 cm) and lower ‘‘deep’’
(20–45 cm) layer to examine differences in rooting
depth. Root productivity cannot be directly estimated
with peak root biomass, because some root biomass
carries over from year to year. Nevertheless, biomass
provides a relative measure of root accumulation that
was comparable between treatments.
We tested for main effects of richness, evenness, and
their interaction with a randomized-block split-plot re-
peated-measures ANOVA, with richness effects in the
main plot (using rep[block 3 richness] as the error
term), and evenness effects and interactions in the sub-
plot. Thus, with this design, evenness and richness 3
evenness interactions were tested after we accounted
for differences in species composition (rep[block 3
richness]). A priori linear and log-linear contrasts were
used to test for richness effects. Means from each treat-
ment were compared to the average value of all mono-
cultures (Loreau and Hector 2001) to determine if over-
yielding occurred in plots, and if over-yielding re-
sponses among richness groups were affected by spe-
cies evenness. The additive partitioning method
outlined by Loreau and Hector (2001) was employed
to partition these net effects into selection and com-
plementarity effects.
Ecosystem CO2 exchange
Net ecosystem CO2 exchange (NEE) was measured
on replicates 1, 3, and 5 of treatments during June 2001,
and on replicates 2, 4, and 6 during October 2001, and
on all plots during June 2002, with a temperature and
humidity-controlled clear polycarbonate chamber
placed over 50 3 50 cm angle iron collars placed to 5
cm below the soil surface (Angell and Svejcar 1999,
Stocker et al. 1999, LeCain et al. 2000). Thus, ANO-
VAs were similar to productivity models, except that
time was not treated as a repeated-measures term (years
were analyzed separately). The chamber was connected
to a LI-COR 6262 infrared gas analyzer (LI-COR, Lin-
coln, Nebraska, USA) and was operated in a closed
configuration. Temperature and relative humidity with-
in the chamber were controlled by pumping ice water
through a small car radiator attached to the inside of
the chamber (Waddington and Roulet 1996, Wilsey et
al. 2002). A fan blew air over the radiator, mixing air
and distributing cool air within the chamber. Temper-
ature was maintained within 28C of ambient tempera-
tures during measurements. A LI-COR PAR sensor was
placed inside the top of the chamber (Wilsey et al.
2002). Measurements of CO2 within the chamber were
made every 5 s for 90 s, and remained linear during
the duration of the sampling period. A slope of the CO2
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FIG. 1. Peak aboveground biomass (least-square means
1 1 SE) in experimental plots planted with 1, 2, 4, or 8 species
either with high or low (geometric) species evenness during
(a) 2001 and (b) 2002 in the Blackland Prairie Region, Texas,
USA.
TABLE 1. Shallow- and deep-root biomass (least-square
means for mixtures and means for monocultures, with 1 SE
in parentheses) in experimental plots planted with 1, 2, 4,
or 8 species, either with high evenness (E) or low evenness
(geometric, G).
Richness Evenness
Shallow
(,20 cm)
Deep
(20–45 cm)
2001 (year 1)
1
2
4
8
E
G
E
G
E
G
116.7 (12.3)
103.1 (30.1)
79.5 (30.1)
171.4 (30.1)
115.3 (30.1)
135.0 (30.1)
117.5 (30.1)
52.8 (7.3)
48.7 (11.3)
55.3 (11.3)
37.4 (11.3)
59.9 (11.3)
59.3 (11.3)
42.2 (11.3)
2002 (year 2)
1
2
4
8
E
G
E
G
E
G
169.2 (22.4)
79.7 (28.1)
102.8 (28.1)
193.8 (28.1)
238.1 (28.1)
213.1 (28.1)
197.3 (28.1)
40.0 (6.1)
22.1 (6.2)
28.2 (6.2)
39.1 (6.2)
40.8 (6.2)
53.5 (6.2)
23.6 (6.2)
concentration in the chamber over time was then cal-
culated (micromoles per mole per second). The slope
was multiplied by the effective volume of the chamber
(44.6 mol/m2), which results in a carbon flux in micro-
moles per square meter per second (Ruimy et al. 1995).
Measurements of NEE were made under three light
conditions: ambient light, reduced light, by placing a
shade screen over the chamber, and under darkness, by
placing a black shade cloth over the chamber (Wilsey
et al. 2002). The NEE and light measurements were
used to develop regression relationships between PPFD
(photosynthetic photon flux density) and NEE follow-
ing Ruimy et al. (1995). We fit the following linear and
hyperbolic equations:
NEE 5 aPPFD 2 R (linear)
aPPFD 3 NEEmaxNEE 5 2 R (hyperbolic)
aPPFD 1 NEEmax
where a is apparent quantum yield (initial slope in the
hyperbolic equation), NEEmax is NEE maximum, and R
is dark respiration rate, or NEE at PPFD 5 0. Net CO2
uptake (NEE1800) was then derived from the data as NEE
with PPFD of 1800 mmol·m22·s21, or at optimum light.
Gross productivity was derived as R 1 NEE1800.
Local extinction rates
We tested whether local extinction rates varied among
richness and evenness treatments by subtracting richness
levels at the end of the second growing season from
planted values, and then conducting an ANOVA as ex-
plained in the previous section. The local extinction rate
for each species was calculated as the number of plots
from which it went extinct divided by the number of
plots in which it was planted. Because the identity of
dominant and rare species within a given evenness treat-
ment was determined randomly, mean relative abun-
dances did not vary across species. Local extinction rates
did not differ between grasses and forbs (P . 0.10).
RESULTS
During the two years of our experiment, above-
ground peak biomass was log-linearly related to plant-
ed species richness (contrast F1,13 5 9.9, P 5 0.01; Fig.
1). Significant effects of richness were found during
both years (richness 3 year interaction, F2,13 5 1.2, P
5 0.3), and species richness accounted for 37% and
25% of the variation in biomass in 2001 and 2002,
respectively. Peak biomass did not significantly differ
between species evenness treatments (F1,15 5 0.9, P 5
0.3), and the log-linear increase in peak biomass was
similar between the high and low evenness distribu-
tions (interaction, F2,15 5 1.8, P 5 0.2).
Biomass of shallow roots (,20 cm) also increased
log-linearly with species richness (F1,13 5 5.3, P 5
0.04, r2 values 5 0.10, 0.29 for year 1 and 2, respec-
tively), and this effect was found in both years (Table
1). Shallow-root biomass tended to be greater at high
(136.5 g/m2) than at low evenness (104.1 g/m2) during
year 1 (F1,15 5 3.2, P 5 0.09), but evenness did not
alter the richness effect (interaction, P 5 0.7). Deep
October 2004 2697SPECIES DIVERSITY AND PRODUCTIVITY
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FIG. 2. Net ecosystem CO2 exchange (NEE1800; least-
square means 1 1 SE) at full light in experimental Blackland
Prairie plots planted with 1, 2, 4, or 8 species either with
high or low (geometric) species evenness during June 2001.
roots (20–45 cm) increased with species richness only
in high evenness plots (F2,15 5 5.4, P 5 0.02), and this
effect was linear in nature (linear contrast, F1,13 5 5.7,
P 5 0.03 in high evenness plots, F1,13 5 2.7, P 5 0.12
in low evenness plots) (Table 1).
Ecosystem CO2 uptake (NEE1800) increased signifi-
cantly as species richness increased (Fig. 2), but only
for the June dates (month 3 richness interaction for
year 1, F2,13 5 7.3, P , 0.01; log-linear contrast for
year 2, F1,15 5 4.1, P 5 0.06). During June of 2001,
NEE1800 increased log-linearly with richness (log-linear
contrast for June, F1,6 5 7.3, P 5 0.03). There was no
significant difference among richness treatments in
ecosystem respiration (all P values . 0.10). Respira-
tion was higher during June (12.0 6 0.9 mmol·mol21·s21
[mean 6 1 SE]) than during October of 2001 (4.8 6
0.3 mmol·mol21·s21). Gross primary productivity gen-
erally followed the trends in NEE1800 (see Appendix):
It increased with species richness during June of both
years (month 3 richness interaction, F2,13 5 7.1, P 5
0.01; log-linear contrast, F1,6 5 8.0, P 5 0.03 during
year 1, F1,15 5 4.9, P 5 0.04 during year 2), and ranged
from 45.6 mmol·mol21·s21 (2 species) to 62.0 (8 spe-
cies) mmol·mol21·s21 in June 2001. All CO2 exchange
variables were similar between the two evenness treat-
ments, and the relationships between CO2 response var-
iables and species richness were not significantly dif-
ferent between evenness treatments (all P values .
0.10).
Relative yield analyses indicated that diverse mix-
tures yielded more than expected from monocultures.
The net biodiversity effect was significantly greater
than 0 (t tests: year 1, t 5 3.1, P , 0.01; year 2, t 5
4.7, P , 0.01). It increased with increasing species
richness (F1,13 5 7.6, P 5 0.02), and this increase was
similar between high and low evenness treatments (F2,15
5 0.5, P 5 0.6) (see Appendix). The C4 grass Panicum
coloratum over-yielded by a very large margin during
both years (t 5 5.0 and 7.6, respectively, P values ,
0.01), and Bouteloua curtipendula, Paspalum dilata-
tum (C4 grasses; year 1, t 5 3.9, P 5 0.02; year 2, t
5 2.2, P , 0.04), and Ratibida columnifera (C3 forb;
t 5 3.7, P , 0.01) significantly over-yielded during
the first and second years, respectively. The C4 grasses
Sorghastrum nutans (t 5 24.9, 217.5, for both years
respectively), Sporobolus asper (t 5 27.5, 23.1),
Bothriochloa saccharoides (t 5 24.4, 24.9), and the
C3 forb Echinacea purpurea underyielded both years
(t 5 213.4, 244.2; all P values , 0.01 for all species
for both years), and Schizachyrium scoparium (t 5
218.4, P , 0.01) and Bothriochloa ischaemum (t 5
27.0, P , 0.01), and the C3 grass Nassella leucotricha
(t 5 26.7, P , 0.01) significantly under-yielded during
year 2. Partitioning the net effect into selection and
complementarity components suggested that the net ef-
fect was mostly a selection effect. Like the net effect,
the selection effect was significantly greater than 0 (t
tests: year 1, t 5 3.7, P , 0.01; year 2, t 5 5.7, P ,
0.01). The selection effect increased with species rich-
ness (F1,13 5 10.6, P , 0.01), and the increase was
similar between high and low evenness (F2,15 5 0.3, P
5 0.7; Fig. 3). The complementarity effect was de-
tectable only in high evenness communities during the
first year (time 3 richness 3 evenness interaction, F2,15
5 4.2, P 5 0.04; Fig. 3).
By the end of year 2, there was no longer a significant
difference in actual evenness between the evenness
treatments (slopes of species rank–abundance relation-
ships 5 20.27 in even plots and 20.35 in geometric
plots). Because of the changes in richness and even-
ness, we reanalyzed data using the actual measures with
regression models. The general trends were similar to
those made with planted values. Peak biomass in-
creased with actual species richness during both years
of the study (F1,2 5 32.8, P 5 0.03, r2 5 0.26 main
effect), there were no significant effects of evenness,
and there were no interactions between richness and
evenness. Root biomass increased with actual richness,
but significantly so only during year 2 (shallow, F1,5 5
12.5, P 5 0.02; deep, F1,5 5 17.8, P , 0.01).
Local extinctions, which began during the second
growing season, were greatest in plots with the highest
richness (8) and lowest evenness (evenness 3 richness
interaction, F2,15 5 4.1, P 5 0.04). Local extinctions
were ;8% in 2- and 4-species mixtures. In 8-species
mixtures, local extinction rates were 23% in high even-
ness plots and 46% in low evenness plots. Extinction
rate also varied across species: it was highest in species
with low aboveground productivity rates and it de-
clined with increasing productivity according to the
highly significant (P , 0.01, r2 5 0.83) equation (Fig.
4):
24.2(productivity in monoculture)local extinction rate 5 0.93 3 e .
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FIG. 3. (a, b) Net selection effect and (c, d) complementarity effect in experimental Blackland Prairie plots planted with
1, 2, 4, or 8 species either with (a, c) high or (b, d) low species evenness during 2001 (solid circles) and 2002 (open circles).
FIG. 4. Relationship between local extinction rate (no. of
plots extinct/no. of plots planted) and relative growth rate of
each species in monocultures.
DISCUSSION
Several have argued that if studies of productivity–
richness relationships were seeded with a more real-
istically low species evenness (Huston 1997, Grime
1998, Smith and Knapp 2003), they would have found
little or no change in productivity. Differences in rel-
ative abundances among species did develop over time
in earlier richness experiments, but evenness remained
much higher than in natural communities. For example,
after establishment occurred in the study by Tilman et
al. (1996, 2001), the relative abundance of the most
abundant species was still only 14% in species-rich
plots (Tilman et al. 2002). In the present experiment,
we found that planting experimental plots with real-
istically low species evenness did not change the re-
lationship between ecosystem response variables and
species richness, but it did have significant indirect
effects through changes in local extinction rates. Re-
sponses of peak biomass and net ecosystem CO2 uptake
to increased species richness were especially large in
this periodically water-limited ecosystem, and were
equally large at both evenness levels. Evenness had
occasional and subtle effects on richness relationships,
such as causing species complementarity to occur only
in high evenness plots during the first year, and causing
effects of richness on deep-root biomass to vary, but
it did not change overall productivity–richness rela-
tionships.
Species evenness increased belowground and total
productivity in a Que´bec old field largely indepen-
dently of dominant species identity (Wilsey and Potvin
2000). Our first-year results were consistent with this
study for root biomass only (which were only ap-
proaching significance), and there was no relationship
with evenness in a second study with an annual com-
munity in central Texas (Polley et al. 2003). The fact
that effects of species evenness on productivity are
inconsistent suggests that reductions in this important
component of species diversity may not always have
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large direct impacts on primary productivity and may
depend on the composition and dissimilarity of species
in the mixtures (Nijs and Roy 2000).
Our results also indicate that species richness effects
were primarily a result of the selection effect. Plots
with a greater number of species were more likely to
contain Panicum coloratum, Bouteloua curtipendula,
and Ratibida columnifera, which over-yielded in mix-
ture. These species (especially Panicum coloratum)
were also the species that did best in monoculture.
These results contrast with the results of Tilman et al.
(2001) and Loreau and Hector (2001), who both found
that their results were mostly explained by the com-
plementarity effects. In contrast to these other studies,
we did not use legumes because they make up only
;1% of primary productivity in this system (Wilsey
and Polley 2003). This suggests that the presence of
legumes may be at least partly responsible for the re-
ported complementarity effects in earlier studies (but
not entirely, as complementarity effects were found
without legumes by van Ruijven and Berendse 2003).
Nevertheless, our results indicate that the complemen-
tarity effect may not be found in all grassland types,
and further research is needed that directly (experi-
mentally) varies the functional differences among spe-
cies (Hooper and Vitousek 1997) to make further pro-
gress in this area.
Although varying species evenness did not change
richness–productivity or richness–C exchange relation-
ships, reduced evenness did contribute to an increase
in local extinctions during the second year of the study.
The maintenance of species richness also depends on
species replenishment (i.e., immigration) from the
meta-community, and this was not measured here.
However, seedling recruitment rate was estimated to
be close to zero in this system in an earlier seed addition
experiment (Wilsey and Polley 2003). Plant extinctions
at the regional level (Fischer and Stocklin 1997, Dun-
can and Young 2000) and invertebrate extinctions at
the local level (Gonzalez and Chaneton 2002) have
been reported to be higher among rare species. To our
knowledge, this is the first documented case of in-
creased local plant extinctions being caused by reduced
evenness under a controlled setting. Understanding
what causes species extinctions at the neighborhood
scale is important because it is the scale at which spe-
cies directly interact and at which the physiological
processes underlying primary productivity operate. Our
results support the hypothesis that extinctions at the
plant neighborhood scale are not random, as has been
assumed in assembling species mixtures in most rich-
ness–productivity experiments. Rather, extinctions
were greater among rare species, and among species
with reduced aboveground growth rate. Thus, species
evenness can affect grassland ecosystem processes in-
directly by affecting species richness, and it will be
imperative to understand how nonrandom extinctions
affect NPP in future studies (Gonzalez and Chaneton
2002, Smith and Knapp 2003). Future studies with ex-
perimental designs that remove the species that are
most likely to go locally extinct (e.g., species with low
aboveground productivity in this system) will be im-
portant in furthering our understanding of species loss
on ecosystem processes. Our findings indicate that rich-
ness studies may not be biased by using mixtures with
artificially high evenness levels, but that results from
these studies are directly applicable only to commu-
nities in which plant extinctions are random.
ACKNOWLEDGMENTS
We thank Chris Kolodziejczyk, Katherine Jones, Kyle Ti-
ner, and Justin Derner for help in planting and sampling the
plots; Brad Bauer, Leanne Martin, and Dan Haug for help
with lab work; and financial support from the USDA and a
LAS Faculty Development grant from Iowa State University.
This paper benefited by the comments from Matt Dornbush
and two anonymous reviewers.
LITERATURE CITED
Aarssen, L. W. 1997. High productivity in grassland eco-
systems: effected by species diversity or productive spe-
cies? Oikos 80:183–184.
Angell, R., and T. Svejcar. 1999. A chamber design for mea-
suring net CO2 exchange on rangeland. Journal of Range
Management 52:27–31.
Bazzaz, F. A. 1975. Plant species diversity in old-field suc-
cessional ecosystems in southern Illinois. Ecology 56:485–
488.
Chapin, F. S., et al. 2000. Consequences of changing bio-
diversity. Nature 405:234–242.
Duncan, R. P., and J. R. Young. 2000. Determinants of plant
extinction and rarity 145 years after European settlement
of Auckland, New Zealand. Ecology 81:3048–3062.
Fischer, M., and J. Stocklin. 1997. Local extinctions of plants
in remnants or extensively used calcareous grasslands,
1950–1985. Conservation Biology 11:727–737.
Gonzalez, A., and E. J. Chaneton. 2002. Heterotroph species
extinction, abundance, and biomass dynamics in an exper-
imentally fragmented microecosystem. Journal of Animal
Ecology 71:594–602.
Grime, J. P. 1998. Benefits of plant diversity to ecosystems:
immediate, filter and founder effects. Journal of Ecology
86:902–910.
Hector, A., et al. 1999. Plant diversity and productivity ex-
periments in European grasslands. Science 286:1123–1127.
Hooper, D. U., and P. M. Vitousek. 1997. The effects of plant
composition and diversity on ecosystem processes. Science
277:1302–1305.
Huston, M. A. 1997. Hidden treatments in ecological ex-
periments: re-evaluating the ecosystem function of biodi-
versity. Oecologia 110:449–460.
LeCain, D. R., J. A. Morgan, G. E. Schuman, J. D. Reeder,
and R. H. Hart. 2000. Carbon exchange rates in grazed
and ungrazed pastures of Wyoming. Journal of Range Man-
agement 53:199–206.
Loreau, M., and H. Hector. 2001. Partitioning selection and
complementarity in biodiversity experiments. Nature 412:
72–76.
Loreau, M., et al. 2001. Biodiversity and ecosystem func-
tioning: current knowledge and future challanges. Science
294:804–808.
Lugo, A. 1991. Dominancia y diversidad de plantas en isla
de mona. Acta Cientifica 5:65–71.
Magurran, A. E. 1988. Ecological diversity and its measure-
ment. Princeton University Press, Princeton, New Jersey,
USA.
R
ep
o
r
ts
2700 BRIAN J. WILSEY AND H. WAYNE POLLEY Ecology, Vol. 85, No. 10
May, R. M. 1981. Patterns in multi-species communities.
Pages 197–227 in R. May, editor. Theoretical ecology. Sec-
ond edition. Blackwell Scientific, Oxford, UK.
Mulder, C. P. H., D. D. Ulisassi, and D. F. Doak. 2001. Phys-
ical stress and diversity-productivity relationships: the role
of positive interactions. Proceedings of the National Acad-
emy of Sciences (USA) 98:6704–6708.
Nijs, I., and J. Roy. 2000. How important are species rich-
ness, species evenness and interspecific differences to pro-
ductivity? A mathematical model. Oikos 88:57–67.
Pimm, S. L., G. J. Russell, J. L. Gittleman, and T. M. Brooks.
1995. The future of biodiversity. Science 269:347–350.
Polley, H. W., B. J. Wilsey, and J. D. Derner. 2003. Do plant
species evenness and plant density influence the magnitude
of selection and complementarity effects in annual plant
species mixtures? Ecology Letters 6:248–256.
Ruimy, A., P. G. Jarvis, D. D. Baldocchi, and B. Saugier.
1995. CO2 fluxes over plant canopies and solar radiation:
a review. Advances in Ecological Research 26:1–68.
Sala, O. E., et al. 2000. Global biodiversity scenarios for the
year 2100. Science 287:1770–1774.
Schlapfer, F., and B. Schmid. 1999. Ecosystem effects of
biodiversity: a classification of hypotheses and exploration
of empirical results. Ecological Applications 9:893–912.
Schwartz, M. W., C. A. Brigham, J. D. Hoeksema, K. G.
Lyons, M. H. Mills, and P. J. van Mantgem. 2000. Linking
biodiversity to ecosystem function: implications for con-
servation ecology. Oecologia 122:297–305.
Smith, M. D., and A. K. Knapp. 2003. Dominant species
maintain ecosystem functioning with non-random species
loss. Ecology Letters 6:509–517.
Stirling, G., and B. Wilsey. 2001. Empirical relationships
between species richness, evenness, and proportional di-
versity. American Naturalist 158:286–299.
Stocker, R., Ch. Korner, B. Schmid, P. A. Niklaus, and P. W.
Leadley. 1999. A field study of the effects of elevated CO2
and plant species diversity on ecosystem-level gas ex-
change in a planted calcareous grassland. Global Change
Biology 5:95–105.
Tilman, D., J. Knops, D. Wedin, and P. Reich. 2002. Exper-
imental and observational studies of diversity, productivity
and stability. Pages 42–70 in A. P. Kinzig, S. W. Pacala,
and D. Tilman, editors. The functional consequences of
biodiversity. Princeton University Press, Princeton, New
Jersey, USA.
Tilman, D., C. L. Lehman, and K. T. Thomson. 1997. Plant
diversity and ecosystem productivity: theoretical consid-
erations. Proceedings of the National Academy of Sciences
94:1857–1861.
Tilman, D., P. R. Reich, J. Knops, D. Wedin, T. Mielke, and
C. Lehman. 2001. Diversity and productivity in a long-
term grassland experiment. Science 294:843–845.
Tilman, D., D. Wedin, and J. Knops. 1996. Productivity and
sustainability influenced by biodiversity in grassland eco-
systems. Nature 379:718–720.
Tokeshi, M. 1993. Species abundance patterns and community
structure. Advances in Ecological Research 24:111–187.
van Ruijven, J., and F. Berendse. 2003. Positive effects of
plant species diversity on productivity in the absence of
legumes. Ecology Letters 6:170–175.
Waddington, J. M., and N. T. Roulet. 1996. Atmospheric-
wetland carbon exchanges: scale dependency of CO2 and
CH4 exchange on the developmental topography of a peat-
land. Global Biogeochemical Cycles 10:233–245.
Wilsey, B. J., G. Parent, N. T. Roulet, T. R. Moore, and C.
Potvin. 2002. Tropical pasture carbon cycling: relation-
ships between C source/sink strength, above-ground bio-
mass and grazing. Ecology Letters 5:367–376.
Wilsey, B. J., and H. W. Polley. 2002. Reductions in grassland
species evenness increases dicot seedling invasion and spit-
tle bug infestation. Ecology Letters 5:676–684.
Wilsey, B. J., and H. W. Polley. 2003. Effects of seed ad-
ditions and grazing history on diversity and aboveground
productivity of sub-humid grasslands. Ecology 84:920–
932.
Wilsey, B. J., and C. Potvin. 2000. Biodiversity and ecosys-
tem functioning: importance of species evenness in an old
field. Ecology 81:887–892.
APPENDIX
Additional figures showing gross primary productivity and net biodiversity effect are available in ESA’s Electronic Data
Archive: Ecological Archives E085-083-A1.
